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INTRODUCTION 

RAND work under Cont rac t  NASr-21(07) h a s  c o n s i s t e d  of basic s tud -  

ies r e l a t i n g  t o  the s c i e n t i f i c  u t i l i z a t i o n  of meteoro logica l  d a t a  t h a t  

may be obta ined  from unmanned or manned s a t e l l i t e s ,  and t o  t h e  impl i -  

c a t i o n s  of new s a t e l l i t e  techniques and measurements f o r  t h e  develop- 

ment of  t h e  sc i ence  of meteorology. 

P r i n c i p a l  i n v e s t i g a t o r s  fo r  t h i s  c o n t r a c t  were: 

Y.  H. Katz ,  June 1963-December 1965 

R.  E .  Huschke, January 1966-April 1968 

This F i n a l  Report  c o n s i s t s  of  three p a r t s .  P a r t  I is  a gene ra l  

summary of  all r e sea rch  conducted under t h i s  c o n t r a c t  du r ing  t h e  pe- 

r i o d  l February 1965 through 31 January  1967. 

pe r iod  of 12  June 1963 through 31 January  1965 w a s  inc luded  i n  AR-166- 

NASA, January  1965, and w i l l  not be repea ted  he re . )  

t a i l e d  d i scuss ion  of r e sea rch  conducted s ince  l February 1967. P a r t  

I11 i s  a summary of  r e p o r t s  i s sued  and personnel  active s i n c e  1 Febru- 

a r y  1965. 

(A summary f o r  t h e  p r i o r  

P a r t  I1 i s  a de- 
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PART I :  SUMMARY OF RESEARCH 
1 February 1965 - 31 January 1967 

This  two-year p e r i o d  saw the completion of f i v e  s e p a r a t e  r e sea rch  

p r o j e c t s  on v a r i o u s  a s p e c t s  of s a t e l l i t e s  r e l a t e d  t o  atmospheric s c i -  

ence, and t h e  beginning of a s i x t h  s tudy which was continued t o  con- 

tract t e rmina t ion .  F u l l  t i t l e s  of c i t e d  r e p o r t s  are  l i s t e d  i n  P a r t  111. 

SPHERICS DETECTION FROM SATELLITES 

This  p r o j e c t  had previously e s t a b l i s h e d  t h e  t h e o r e t i c a l  f e a s i b i l -  

i t y  o f  observing thunderstorm sphe r i c s  w i th  an  i s o t r o p i c  s a t e l l i t e  an tenna ,  

u t i l i z i n g  t h e  p r o p e r t i e s  of t h e  ionosphere t o  l i m i t  an a n t e n n a ' s  f i e l d  

of view. Two ques t ions  which arose from t h i s  concept were i n v e s t i g a t e d :  

(1) What amount of d i r e c t i o n a l i t y  could be expected from t h e  ionosphere/  

antenna system? and (2) What component of the l i g h t n i n g  process  would 

r a d i a t e  t h e  energy r ece ivab le  by such a system? 

It w a s  shown t h a t  t he  f i e l d  of view could be moderately l i m i t e d  

i n  a reasonably p r e d i c t a b l e  manner i f  t h e  observed r a d i o  frequency l a y  

i n  t h e  range of 1 .3  t o  1.5 times t h e  c r i t i c a l  frequency of the iono- 

sphere.  Below t h a t  range the v a r i a b i l i t y  of t h e  c r i t i c a l  frequency 

could impose s e r i o u s  e r r o r s  on e s t i m a t e s  of t h e  f i e l d  of view; above 

i t ,  t h e  f i e l d  of view i s  not appreciably r e s t r i c t e d  (RM-4949-NASA). 

A s  a s t e p  toward answering t h e  second q u e s t i o n ,  a n  estimate w a s  

made of the  spectrum r a d i a t e d  by a c u r r e n t  streamer whose c ros s - sec -  

t i o n a l  dimensions are an appreciable  f r a c t i o n  of a wavelength and i n  

which t h e  c u r r e n t  v a r i e s  discont inuously with t i m e .  

t h e o r e t i c a l  r e s u l t s  w i th  experimental  measurements sugges t s  t h a t  e i t h e r  

t h e  r a d i a t i n g  streamer has an e f f e c t i v e  diameter of l e s s  t han  24 cm ( i n  

c o n t r a s t  w i t h  v i s i b l e  diameters  of one t o  t e n  m e t e r s ) ,  o r  t h a t  t he  

streamer c u r r e n t  i s  n o t  t h e  m a j o r  source of r a d i a t i o n  a t  f r equenc ie s  

above a few hundred MHz (RM-5242-NASA). 

Comparison of t h e  

ATMOSPHERIC CIRCULATION ON MARS 

Our s t u d i e s  on t h e  atmosphere of Mars cen te red  on t h e  a d a p t a t i o n  
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t o  Mars of t h e  Mintz-Arakawa general  c i r c u l a t i o n  model (a g l o b a l ,  two- 

l a y e r ,  numerical  model of atmospheric c i r c u l a t i o n )  . This r e sea rch  w a s  

performed i n  two s t e p s :  

s u r f a c e  were i n v e s t i g a t e d ,  taking i n t o  account t h e  presence of an  atmo- 

s p h e r e ,  and were inco rpora t ed  i n t o  a method f o r  e v a l u a t i n g  h e a t  f low 

i n t o  and out  of t he  atmosphere; second, t h e  numerical  experiment was 

run  a f t e r  t h e  c i r c u l a t i o n  model w a s  modified according t o  t h e  h e a t i n g  

f u n c t i o n ,  atmospheric composition and s t r u c t u r e ,  and astronomical  pa- 

rameters of Mars. 

f i r s t ,  t h e  thermal p r o p e r t i e s  of t h e  Martian 

The h e a t i n g  c h a r a c t e r i s t i c s  of  t h e  Martian atmosphere were sub- 

j e c t e d  t o  computer s imula t ion  inco rpora t ing  the  e f f e c t s  of r a d i a t i o n ,  

sma l l - sca l e  t u r b u l e n t  convection, and conduction i n t o  t h e  ground. The 

atmosphere w a s  assumed t o  be GO w i t h  a s u r f a c e  p re s su re  of 5 mb. One 
2 

r e s u l t  w a s  t h e  p r e d i c t i o n  o f  a s o l i d  CO 

lar  t o  t h a t  of t h e  observed polar  cap on Mars (RM-4551-NASA, RM-5017- 

i c e  cap wi th  dimensions s i m i -  2 

NASA, P-3262). 

The numerical experiment covered 24 Martian days. (The Je t  Pro- 

Important atmo- p u l s i o n  Laboratory provided the 7094 computer t ime.) 

s p h e r i c  f e a t u r e s  i n d i c a t e d  by the experiment were (1) a f l u c t u a t i n g  

wave regime i n  t h e  w i n t e r  hemisphere; ( 2 )  a large-amplitude d i u r n a l  

t i d e ;  and (3) condensation of  CO t o  form a w i n t e r  p o l a r  ice cap (RM- 

5 110-NASA) . 2 

INVERSE PROBLEMS I N  ATMOSPHERIC RADIATIVE TRANSFER 

Th i s  w a s  a s h o r t - l i v e d  p ro jec t  (under t h i s  c o n t r a c t )  s p e c i a l i z i n g  

i n  computational approaches t o  s o l u t i o n s  o f  i nve r se  t r a n s f e r  problems. 

It extended t h e  p rev ious  work of t h e  i n v e s t i g a t o r s  (on i n v a r i a n t  i m -  

bedding and p e r t u r b a t i o n  techniques) toward t h e  s p e c i f i c  problem of 

atmospheric r a d i a t i v e  t r a n s f e r  (RM-4617-, RM-4637-, RM-4651-, RM-4730-, 

RM-4775-NASA). 

DISTRIBUTION OF CONSTANT-LEVEL BALLOONS 

The ques t ion  of t he  d i s t r i b u t i o n  of  a l a r g e  number o f  cons t an t -  

l e v e l  bal loons (used i n  a global observing system a long  wi th  s a t e l l i t e s  
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and ground s t a t i o n s )  w a s  addressed by s imula t ing  ba l loon  t r a j e c t o r i e s  

u s ing  t h e  Mintz-Arakawa general  c i r c u l a t i o n  model. 

1000 bal loons were followed da i ly  f o r  45 days of model o p e r a t i o n ,  and 

t h e i r  motions were expressed as t r a n s i t i o n  p r o b a b i l i t i e s  from one re- 

gion t o  ano the r .  

be used wi th  r ea l  c i r c u l a t i o n  data t o  develop balloon-launch s t r a t e g i e s  

f o r  an  o p e r a t i o n a l  system (RM-5018-NASA). 

I n  t h i s  example , 

It w a s  shown how t r a n s i t i o n  p r o b a b i l i t y  m a t r i c e s  could 

METEOROLOC-ICAL USEFULNESS OF MANNED SATELLITES 

A t  t h e  s p e c i a l  r eques t  of the c o n t r a c t  mon i to r ,  we examined t h e  

meteorological  u s e f u l n e s s  o f  a manned s a t e l l i t e  and proposed a r a t i o -  

n a l e  f o r  s e l e c t i n g  s u i t a b l e  manned meteorological  mi s s ions  (RM-4462-NASA) . 

POLAR ENERGY BUDGETS 

Based on long-term monthly means ( i . e . ,  average annua l  c y c l e s )  a 

v e r y  h igh  c o r r e l a t i o n  w a s  found between Arctic atmospheric h e a t  loss 

and an  atmospheric zonal index one month l a t e r  (RM-5234-NASA). The sub- 

s t a n t i a t i o n  of a p h y s i c a l  and p red ic t ive  r e l a t i o n s h i p  would have a n  i m -  

p o r t a n t  i n f luence  on t h e  sa te l l i t e  a c q u i s i t i o n  of r a d i a t i o n  d a t a  ove r  

p o l a r  r eg ions .  Seve ra l  f u r t h e r  r e sea rch  s t e p s  were i n d i c a t e d ,  t he  f i r s t  

of which was t o  examine t h e  c o r r e l a t i o n  of anomalies of h e a t  loss and 

c i r c u l a t i o n  over a long t ime-se r i e s  of obse rva t ions .  T h i s  l as t  i n v e s t i -  

g a t i o n  w a s  begun a t  t h e  end of t h e  t i m e  per iod summarized h e r e  (January,  

1967), and i s  discussed i n  d e t a i l  i n  P a r t  11. 
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PART 11: REPORT ON POLAR ENERGY BUDGET RESEARCH 
1 February 1967 - 30 A D r i l  1968 

INTRODUCTION 

In an ea r l i e r  phase of t h i s  p r o j e c t ,  we c o r r e l a t e d  t h e  annual  cy-  

c l e s  of r a d i a t i v e  h e a t  loss from t h e  A r c t i c  atmosphere w i t h  a zonal  

c i r c u l a t i o n  index ,  u s ing  long-term monthly averages of t h e  v a r i a b l e s .  

With t h e  zonal  index cycle  lagged one month behind t h e  h e a t - l o s s  c y c l e ,  

t h e  c o r r e l a t i o n  c o e f f i c i e n t  was +0.95,  compared wi th  c o e f f i c i e n t s  nea r  

+0.75 having l a g s  of zero and two months. 

be a s t ronomica l ly  r e l a t e d  without being atmospherical ly  so .  

less,  some q u a l i t a t i v e  reasoning r ega rd ing  the s t a t i s t i c a l  r e l a t i o n s h i p  

could give credence t o  a hypothesis  t h a t  v a r i a t i o n s  i n  t h e  A r c t i c  a t -  

mospheric r a d i a t i v e  h e a t  l o s s  cause a p r e d i c t a b l e  delayed response i n  

t h e  s t r e n g t h  of t he  zonal c i r c u l a t i o n .  I f  t h i s  could be shown t o  be 

t r u e ,  a s i g n i f i c a n t  increment would be added t o  t h e  va lue  and urgency 

of sa te l l i t e  r a d i a t i o n  measurements. 

Two such c y c l e s  could e a s i l y  

Neverthe- 

We decided t o  test t h i s  hypothesis  using long time-series of both 

t h e  h e a t  loss and a zonal index. In  t h e  absence o f  s a t e l l i t e  measure- 

ments ,  t h e  former could be constructed on ly  by r a d i a t i v e  f l u x  c a l c u l a -  

t i o n s  us ing  radiosonde obse rva t ions ;  t h e  l a t t e r  from a h i s t o r i c a l  series 

of numerical  500-mb map analyses  f o r  t h e  no r the rn  hemisphere. 

r e l a t i o n  should be made between t h e  anomalies of h e a t  l o s s  and zonal 

i n d e x ,  i n  o r d e r  t o  e l imina te  the overbearing in f luence  of the  average 

annua 1 cyc le.  

The co r -  

One assumption implied by t h i s  basic t h e s i s  i s  t h a t  t h e  v a r i a t i o n s  

i n  h e a t  con ten t  of  t he  A r c t i c  atmosphere are so much l a r g e r  than those  

of t h e  t r o p i c a l  atmosphere t h a t  t h e  l a t t e r  can be ignored. It  i s  not  

c lear  t h a t  t h i s  assumption i s  v a l i d  when one i s  d e a l i n g  wi th  d e v i a t i o n s  

of h e a t  loss from an average annual cyc le .  This  i s  a major ques t ion  t o  

be checked whenever s u f f i c i e n t  s a t e l l i t e  r a d i a t i o n  d a t a  have been accum- 

u l a t e d .  

PROCEDURES 

I f  t h e  advec t ive  t r a n s p o r t  o f  h e a t  i s  n e g l e c t e d ,  atmospheric h e a t  
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l o s s ,  L ,  can be r ep resen ted  by 

L = Im - qa - IG - FsA 

where Im i s  t h e  outgoing longwave r a d i a t i o n  from t h e  t o p  of t he  atmo- 

sphere , qa t h e  shortwave ( s o l a r )  r a d i a t i o n  absorbed by t h e  atmosphere,  

IG t h e  n e t  upward longwave r a d i a t i o n  a t  t h e  e a r t h ' s  s u r f a c e ,  

t h e  ne t  upward l a t e n t  and s e n s i b l e  h e a t  a t  t h e  su r face .  

Given an  adequate d e s c r i p t i o n  of t he  ver t ica l  s t r u c t u r e  

mosphere ( i n  terms of temperature ,  water v a p o r ,  c l o u d s ,  C 0 2 ,  

each expressed as a f u n c t i o n  of pressure)  t h e  longwave terms 

above expres s ion  (I, and I ) can be t h e o r e t i c a l l y  c a l c u l a t e d  G 

and F 
S A  

of t h e  a t -  

and ozone, 

of t h e  

with r e a -  

sonable  confidence,  and t h e  shortwave a b s o r p t i o n  (q ) wi th  somewhat 

less confidence.  

t h e  la t ter  n e c e s s i t a t e d  by the  s e n s i t i v i t y  of t he  longwave f l u x  t o  var- 

i a t i o n s  i n  c loud iness .  

a 
Both radiosonde d a t a  and cloud obse rva t ions  are needed, 

The cloud d a t a  used i n  t h i s  s tudy were taken from t h e  r e s u l t s  of 

a n o t h e r  RAND i n v e s t i g a t i o n  (as  yet unpublished) of the s t a t i s t i c a l  t i m e  

and space d i s t r i b u t i o n  of A r c t i c  c loud iness  as  de r ived  from su r face  syn- 

o p t i c  obse rva t ions .  Each observat ion i s  expressed as one of 16 ''cloud 

d i s t r i b u t i o n  models , ' I  each model being a d i f f e r e n t  combination of low, 

middle ,  and h igh  c loud iness .  

For t h e  t i m e  pe r iod  considered i n  t h i s  s t u d y ,  January 1955 through 

March 1960, a l l  radiosonde d a t a  a v a i l a b l e  on magnetic tape f o r  t h e  r i n g  

of A r c t i c  land s t a t i o n s  shown i n  Fig.  1 were ob ta ined  from the  Na t iona l  

Weather Records Center .  We used only those d a t e s ,  t i m e s ,  and s t a t i o n s  

f o r  which t h e r e  e x i s t e d  matching upper a i r  and cloud d a t a .  (The Alaskan 

s t a t i o n s ,  P t .  Barrow and Barter I s l a n d ,  had t o  be omit ted completely be- 

cause no U . S .  su r face  synop t i c  data are a v a i l a b l e  on magnetic t a p e  a t  

t h e  NWRC , and,  t h e r e f o r e ,  no cloud d i s t r i b u t i o n s  had been c a l c u l a t e d  

f o r  t hese  two s t a t i o n s .  Moreover, we  could use  no d a t a  from t h e  d r i f t -  

i n g  ice s t a t i o n s  because t h e  way they a r e  a rch ived  makes it  impossible 

t o  pu t  t o g e t h e r  matched p a i r s  of su r f ace  and radiosonde obse rva t ions . )  

The r a d i a t i o n  f l u x  terms were c a l c u l a t e d  as a smoothed t i m e  series 

of 30-day means computed a t  5-day i n t e r v a l s .  This  was done by f i r s t  
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Fig .  1 - -  S t a t i o n s  intended for use  i n  r a d i a t i o n  c a l c u l a t i o n s .  
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grouping t h e  s t a t i o n s  (as  shown in F ig .  1) and cons ide r ing  a l l  sound- 

i n g s  of a group t o  be j o i n t l y  r e p r e s e n t a t i v e  of t h a t  region.  T h i r t y -  

day average soundings were then  compiled f o r  each "cloud model," and 

t h e  r a d i a t i o n  terms were c a l c u l a t e d  f o r  each average sounding. A 

weighted average of t h e s e  comprised the  f i n a l  30-day mean r a d i a t i v e  

f l u x e s  (Tm, 
- 

and 4 ) f o r  each s t a t i o n  group. IG , a 
For computational e f f i c i e n c y ,  i t  w a s  necessary t o  pu t  a l l  t h e  upper- 

a i r  soundings i n t o  a s tandard and c o n s i s t e n t  form. We e l e c t e d  t o  r e p r e -  

s e n t  t h e  sounding a t  1 7  p re s su re  levels from the  su r face  t o  50 m i l l i -  

b a r s ,  9 of which are "mandatory" ( s t anda rd )  levels common t o  a l l  s ta -  

t i o n s  throughout t he  pe r iod  being s t u d i e d .  

Both t h e  temperature and r e l a t i v e  humidity a t  i n t e rmed ia t e  l e v e l s  

were i n t e r p o l a t e d  l o g a r i t h m i c a l l y ,  i .e. : 

where X s t a n d s  f o r  temperature o r  r e la t ive  humidi ty ,  P i s  p r e s s u r e ,  and 

j i n d i c a t e s  p re s su re  l e v e l  number, s t a r t i n g  a t  t h e  top  of t he  sounding. 

When both temperature and he igh t  d a t a  were a v a i l a b l e  a t  consecut ive 

s t anda rd  levels,  which was usua l ly  t h e  c a s e ,  t he  i n t e r m e d i a t e - l e v e l  

temperature  6 w a s  eva lua ted  according t o  

- 

j 

where Z i s  h e i g h t ,  g t he  a c c e l e r a t i o n  of g r a v i t y ,  R t h e  gas c o n s t a n t ,  

and t h e  u n i t s  are meters, seconds, and degrees  Kelvin.  This  expres s ion  
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w i l l  reproduce with reasonable  f i d e l i t y  ( f o r  our  pu rposes ) ,  f o r  exam- 

p l e ,  a s t r o n g  temperature inversion between t h e  s u r f a c e  and 850 mb. 

A l l  soundings t h a t  d id  not  extend t o  a t  l e a s t  300 mb were d i s -  

carded.  

i n g ,  as w a s  o f t e n  t h e  case .  

300 mb were i n s e r t e d  by applying the c l i m a t o l o g i c a l  average l apse  rate 

( f o r  t h a t  month and l a t i t u d e )  between 300 mb and 200 mb and assuming 

t h e  temperatures  constant  from 200 mb upward. Missing h u m i d i t i e s  were 

i n s e r t e d  by using averages c a l c u l a t e d  f o r  t h e  same r e g i o n ,  season,  and 

cloud d i s t r i b u t i o n .  

E s s e n t i a l l y  a l l  o t h e r s  were used ,  even i f  humid i t i e s  were m i s s -  

Where necessa ry ,  missing temperatures  above 

Thus we produced a complete s e t  of i n d i v i d u a l  “ r e c o n s t i t u t e d ”  

soundings.  To c a l c u l a t e  t h e  r a d i a t i o n  terms us ing  i n d i v i d u a l  soundings 

i s  d e s i r a b l e ,  but t h e  computer time necessa ry  i s  e x o r b i t a n t .  The re fo re ,  

t h e  p rev ious ly  mentioned 30-day average soundings were c a l c u l a t e d .  It 

should be noted t h a t  temperatures were averaged as t h e  f o u r t h  r o o t  of 

t h e  sum of temperatures t o  t h e  fou r th  power, i n  o r d e r  t o  approximate 

t h e  proper  weighting f o r  t h e  r a d i a t i o n  c a l c u l a t i o n s .  

The method and s p e c t r a l  da t a  of Rodgers and Walshaw (1966) were 

used t o  c a l c u l a t e  the longwave terms, Ia and I 

i n  t h e  forms 

They can be expressed 
G ’  

N 

i= 1 

and 

N 

i= 1 
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I n  these  e x p r e s s i o n s ,  Bi [e(qj)l i s  t h e  Planck f u n c t i o n  i n  t h e  i t h  spec- 

t r a l  i n t e r v a l  corresponding t o  the temperature e a t  t h e  atmospheric 

level  r$ = P/P where P i s  pressure and P E 1000 m i l l i b a r s .  Ti(qjT,@) 

i s  t h e  t r ansmiss ion  func t ion  i n  the i t h  s p e c t r a l  i n t e r v a l  between l e v e l  
0’ 0 

qj and the  uppermost computation l e v e l  qj = .05 (PT = 50 mb); T 
i s  t h e  corresponding t ransmission f u n c t i o n  between qj and t h e  s u r f a c e ,  

f o r  which @ = @ . I n  t h e s e  formulas we d i s t i n g u i s h  between t h e  ground 

temperature 8 and t h e  su r face  a i r  temperature 8 but i n  c a r r y i n g  o u t  

t h e  a c t u a l  c a l c u l a t i o n s  i t  w a s  assumed t h a t  t hese  temperatures  are iden-  

t i c a l ,  and the  terms involving B . ( 0  ) - B . ( e  ) t hus  vanish.  The quan- 

t i r i e s  f ( @ )  and f (@) incorporate  t h e  e f f e c t s  of c l o u d i n e s s ,  being t h a t  

f r a c t i o n  of t h e  f i e l d  of view obscured a t  and beyond the  level qj by 

c l o u d s  between t h e  obse rve r  and l e v e l  @; f ( @ )  i s  f o r  an  observer  look- 

i n g  down i n t o  t h e  atmosphere, f (@) f o r  an observer  looking up from t h e  

ground. This  s i m p l e  incorporat ion of cloud e f f e c t s  i n  t h e  model i s  

based on the  assumptions (a )  t h a t  a l l  c louds  are black i n  t h e  i n f r a r e d ,  

and (b) t h a t  t h e  f r a c t i o n a l  coverages,  f and f , a r e  c h a r a c t e r i s t i c  n o t  

on ly  of t he  whole sky, but a l s o  of each ang le  of  view downward o r  up- 

n 

G n ’  

i G  i n  * 

* 

J( 

* ward i n  the  atmosphere. 

The t r ansmiss ion  func t ions  were eva lua ted  us ing  t h e  Rodgers and 

Walshaw expres s ions  (6) through (9 ) ,  and s p e c t r a l  d a t a  were taken from 

t h e i r  Tables 3 ,  5 ,  and 6 f o r  the r o t a t i o n  band and 6.3-micron band of 

water vapor ,  and f o r  the 15-micron band of GO The angu la r  i n t e g r a -  

t i o n  was accomplished simply by using the  f l u x  d i f f u s i v i t y  f a c t o r  

6 = 1.66. C e r t a i n  s p e c t r a l  regions r e q u i r e  s p e c i a l  t r e a t m e n t .  The 

2 ’  

wave-number r eg ion  from 585 t o  755 c m - l  i n c l u d e s  the  15-micron band, 

and he re  t h e  e f f e c t i v e  t ransmission f u n c t i o n  was taken t o  be the pro- 

duc t  of t h e  i n d i v i d u a l  t ransmission f u n c t i o n s  f o r  CO 

r e g i o n  from 800 t o  1000 cm corresponds t o  t h e  water-vapor continuum, 

and f o r  t h i s  region the  t ransmission f u n c t i o n  was taken t o  be 

and H20.  The 2 -1 

2 
( see  Goody, 1964, p .  195) , where ;(@. ,Gk) , i n  gm/cm , i s  the  C u r t i s -  

Godson mean path l eng th  between l e v e l s  @ and @ (see formula (7)  of 
J 

j k 
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Rodgers and Walshaw). 

t o  2800 c m - l  correspond t o  ozone bands. 

i nco rpora t ion  o f  ozone e f f e c t s ,  we r a t h e r  a r b i t r a r i l y  assumed t h a t  80 

pe rcen t  of  t h e  r a d i a t i o n  i n  these  bands comes from t h e  s t r a t o s p h e r e  

having  the temperature  e ( @  ) a t  the t o p  of  t he  sounding,  wi th  t h e  re- 

m i n i n g  20 pe rcen t  coming from cloud tops  and ground f o r  I , o r  from 

space (a = 0) f o r  IG. 
Severa l  t e s t s  of  i n t e g r a t i o n  procedures  showed t h a t  f o r  tempera- 

t u r e  and humidity d i s t r i b u t i o n s  vary ing  l i n e a r l y  between our s e l e c t e d  

p res su re  levels , simple q u a d r i l a t e r a l  e v a l u a t i o n  of t he  i n t e g r a l s  over  

d g i v e s  a c c u r a c i e s  wi th in  2 percent  f o r  Im and IG; t h i s  i n t e g r a t i o n  

method was used.  

The regions from 900 t o  1000 c m - l  and from 2200 

Rather  t han  a t tempt  a d e t a i l e d  

T 

m 

w a s  c a l c u l a t e d  by ‘a ’ S o l a r  r a d i a t i o n  absorbed i n  t h e  atmosphere)  

a method suggested by Hanson, Vonder Haar, and Suomi (1967) on t h e  b a s i s  

of  empi r i ca l  s t u d i e s  o f  t h e  gross  energy balance ove r  North America. 

Fol lowing t h i s  method we w r i t e  

1 /2 
t 

- l m  - - J’ S s i n  Q (0.096 + 0.045 r(&) 
0 s i n  cy. ‘a t m  o 

where t i s  t h e  30-day averaging p e r i o d ,  S t h e  s o l a r  c o n s t a n t ,  a ( t )  

the s o l a r  e l e v a t i o n  a n g l e ,  and u t h e  t o t a l  p r e c i p i t a b l e  wa te r  con ten t  

o f  t h e  atmosphere,  eva lua ted  from our  d a t a  as 

m 0 

I n  t h i s  expres s ion ,  pj i s  t h e  specif ic  humidi ty  a t  l e v e l  6 . 
grand of  t h e  equa t ion  f o r  q must be taken t o  be ze ro  f o r  n igh t t ime  

hours  ( s i n  a i 0 ) .  Rather  than  c a l c u l a t i n g  t h a t  i n t e g r a l ,  i n  view o f  

t h e  o t h e r  u n c e r t a i n t i e s  of t h e  problem, we approximate i t  by 

The i n t e -  
j 

a 
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* 112 

m 
=-- t S 

' a - t  o (0.096 + 0.045 [(A) I n  (&)I } , s i n  cy s i n  cy 

* 
where t /t i s  t h e  30-day average d a i l y  f r a c t i o n  of t he  d a y l i g h t  p a r t  m 
of t h e  day, and s i n  cy i s  t h e  corresponding average e l e v a t i o n  ang le  f o r  

t h e  d a y l i g h t  p a r t  o f  t h e  day. 

I n  comparison wi th  the  o t h e r  t h r e e  terms i n  our  expres s ion  f o r  t h e  

atmospheric h e a t  loss ,  t h e  s e n s i b l e  and l a t e n t  h e a t  f l u x  a t  t he  s u r f a c e ,  

i s  small and e x h i b i t s  l i t t l e  year- to-year  v a r i a b i l i t y .  W e  have 

chosen t o  r e p r e s e n t  i t  as  a s ing le  average annual cyc le  based on v a l u e s  

given by Doronin (1966, p. 252).  Our v a l u e s  a r e  t h e  sum of Doronin's  

v a l u e s  f o r  eddy h e a t  exchange and h e a t  l o s s  by evapora t ion  i n  t h e  Cen- 

t r a l  Arctic. 

r i o d s  i n  t h e  yea r  were ob ta ined  by g r a p h i c a l  i n t e r p o l a t i o n .  

Fs a 

Values f o r  a l l . o f  the overlapping 30-day averaging pe- 

For c o r r e l a t i o n  wi th  t h e  r a d i a t i o n  parameters ,  t h r e e  s e r i e s  of 

zona l  c i r c u l a t i o n  i n d i c e s  were ca l cu la t ed  from 500-mb nor the rn  hemi- 

sphere g r id -po in t  d a t a  fu rn i shed  t o  u s  by the  Nat ional  Center f o r  Atmo- 

s p h e r i c  Research. The t h r e e  types of index are a North A t l a n t i c  index 

b e l t )  a North P a c i f i c  index (Z ) ,  and a circumglobal index ( Z  
('at 1) 9 Pac 
A l l  t h r e e  c o n s i s t  of t h e  average d i f f e r e n c e  between t h e  h e i g h t  o f  t he  

a t  l a t i t u d e s  6OoN and 70°N i n  500-mb s u r f a c e  a t  two l a t i t u d e s :  

t h e  s e c t o r  from 4OoW t o  30°E; Z a t  l a t i t u d e s  50°N and 60°N i n  the  

a t  t h e  l a t i t u d e s  60°N and 70°N s e c t o r  from 170 E t o  120 W ;  and Zbelt 

completely around t h e  globe (see Fig. 2 ) .  A s  a rough measure of t he  

m e r i d i o n a l i t y  of t h e  c i r c u l a t i o n ,  we a l s o  computed t h e  s tandard devia-  

t i o n s  (a) of 500-mb h e i g h t s  around t h e  50,  60, and 70°N l a t i t u d e  c i r -  

c les .  F i n a l l y ,  " u n f i l t e r e d "  wave numbers (K) were c a l c u l a t e d  around 

t h e  same t h r e e  l a t i t u d e s  simply by t a k i n g  one-half  t h e  number of t i m e s  

t h e  mean h e i g h t  contour  crossed the l a t i t u d e  c i r c l e .  Thir ty-day mean 

v a l u e s  of a l l  t h e s e  n ine  c i r c u l a t i o n  parameters were c a l c u l a t e d  t o  co r -  

respond i n  t i m e  e x a c t l y  wi th  t h e  r a d i a t i o n  parameters ,  

'at 1 

0 0 

A s  t h e  n e x t - t o - l a s t  s t e p  i n  preparing the  t i m e  s e r i e s  f o r  l a g  co r -  

r e l a t i o n s ,  t h e  atmospheric h e a t  loss  terms, L ,  t h a t  had been ind iv idu -  

a l l y  c a l c u l a t e d  f o r  each group of s t a t i o n s  ( a s  shown i n  Fig.  l ) ,  were 
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F i g .  2 -- Areas represented  by the t h r e e  zonal  c i r c u l a t i o n  i n d i c e s :  Zacl, Zpdc,  
'belt: 
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s p a t i a l l y  averaged i n t o  a s ing le  t i m e  series purpor t ing  t o  r e p r e s e n t  

t h e  e n t i r e  A r c t i c .  

and a l l  t h e  d r i f t i n g  i c e  s t a t i o n s  undoubtedly compromised t h e  r e p r e -  

s e n t a t i v e n e s s  of t h i s  average heat  l o s s  f i g u r e ,  L; how s e r i o u s l y ,  we 

cannot t e l l .  The most s e r i o u s  de f i c i ency  was probably t h e  l ack  of 

u sab le  d a t a  from t h e  i c e  s t a t i o n s  of t h e  Cen t ra l  Arctic.  

The drop-out,  a long  t h e  way, o f  f i v e  land s t a t i o n s  

- 

The f i n a l  s t e p  w a s  t o  s u b t r a c t  out  t h e  average annual  c y c l e s  from 

t h e  t i m e  series o f  a l l  t h e  v a r i a b l e s  t o  be c o r r e l a t e d .  Thus, an i n d i -  

v i d u a l  v a l u e  i n  t h e  r e s u l t i n g  t i m e  series i s  r ep resen ted  by t h e  devia-  

t i o n  of i t s  o r i g i n a l  va lue  from i t s  5-year mean va lue  f o r  t h e  same 30- 

day ca l enda r  pe r iod .  

One weakness i n  t h i s  l a t t e r  procedure i s  t h a t  f i v e  y e a r s  i s  no t  

long enough t o  e s t a b l i s h  a r e l i a b l e  and smooth average annual cyc le .  

I n  f a c t ,  t h e  curves  of t h e  average annual  c y c l e s  were q u i t e  i r r e g u l a r ,  

and t h e  d e v i a t i o n s  from t h e s e  curves were t h e r e f o r e  less meaningful 

t h a n  i f  long-period averages had been a v a i l a b l e  and used. 

Another unan t i c ipa t ed  de f i c i ency  i n  our method a r o s e  i n  t h e  cal-  

Here,  t h e  only inde- ‘a * 
c u l a t i o n  of t he  atmospheric abso rp t ion  t e r m ,  

pendent v a r i a b l e s  were the  water-vapor con ten t  of t h e  atmosphere and 

t h e  astronomical  terms. The r e s u l t i n g  v a l u e s  of q were smaller by a 

f a c t o r  of 3 o r  4 t han  those assumed by most A r c t i c  r e s e a r c h e r s ;  and,  

more important i n  t h i s  s tudy ,  they showed so l i t t l e  year- to-year  var i -  

a t i o n  t h a t  t h e i r  c o n t r i b u t i o n  t o  t h e  d e v i a t i o n  s e r i e s  of L w a s  essen-  

t i a l l y  n i l .  Ac tua l ly ,  of cour se ,  t h e  c loud iness  and h igh  su r face  a l -  

bedo of t h e  A r c t i c ,  t o g e t h e r  with t h e  low sun a n g l e ,  could combine t o  

increase g r e a t l y  t h e  amount of shortwave r a d i a t i o n  absorbed by t h e  a t -  

mosphere. The expres s ion  t h a t  we used (see p. 11) was de r ived  from sat-  

e l l i t e  measurements ove r  t h e  United S t a t e s ,  arid i m p l i c i t l y  took i n t o  

account c loud c o n d i t i o n s .  However, t h e  low water-vapor con ten t s  t h a t  

imply clear s k i e s  i n  middle l a t i t u d e s  are o f t e n  a s s o c i a t e d  wi th  ex ten -  

sive c loud iness  i n  the  A r c t i c .  The re fo re ,  our f a i l u r e  t o  account ex- 

p l i c i t l y  f o r  t h e  e f f e c t s  o f  Arc t i c  c louds and albedo w a s  tantamount t o  

n e g l e c t i n g  q a l t o g e t h e r ,  Since t h e  l a t e n t  and s e n s i b l e  h e a t  f l u x  a t  

t h e  s u r f a c e ,  F w a s  given a s  an annual  c y c l e ,  

a 

a 

s,’ 
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RESULTS 

We computed m u l t i l a g  
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(10) -/ Jd = (I, - IC)' , 

d e v i a t i o n s  from a 5-year average annual cyc le .  

c o r r e l a t i o n  c o e f f i c i e n t s  between r' ( t h e  de- 

v i a t i o n  from average atmospheric h e a t  l o s s )  and a l l  nine d e v i a t i o n  ser- 

i e s  of c i r c u l a t i o n  parameters .  The l a g s  ranged from - 3  months (mean- 

i n g  E' now and t h e  c i r c u l a t i o n  parameter 3 months e a r l i e r )  t o  +5 months 

(meaning r' now and the  c i r c u l a t i o n  parameter 5 months l a t e r ) .  

c o e f f i c i e n t s  are p l o t t e d  i n  Figs .  3 ,  4 ,  and 5 .  

shown were de r ived  by t e s t i n g  the n u l l  hypo thes i s  t h a t  t h e  series were 

n o t  c o r r e l a t e d .  

a c o r r e l a t i o n  c o e f f i c i e n t  of  magnitude > .175 i s  no t  "real." 

These 

The s i g n i f i c a n c e  l e v e l s  

Thus, t h e r e  i s  a chance of on ly  one i n  a thousand t h a t  

Although none of the c o r r e l a t i o n  c o e f f i c i e n t s  i s  v e r y  l a r g e  i n  a n .  

a b s o l u t e  sense ,  which i s  c e r t a i n l y  not  s u r p r i s i n g ,  some i n t e r e s t i n g l y  

" s i g n i f i c a n t "  c o r r e l a t i o n s  do appear.  

any cause-and-effect  i m p l i c a t i o n s ,  but simply c a l l  a t t e n t i o n  t o  c e r t a i n  

f e a t u r e s  of t h e  r e s u l t s .  

A t  t h i s  po in t  we cannot d i s c u s s  

The most i n t e r e s t i n g  set of c o r r e l a t i o n s  i s  found with c i r c u l a t i o n  

parameters lagged 2% months behind the  h e a t  l o s s .  Note t h a t  on F igs .  3 

and 5 ,  Z a t l ,  / Z b e l t ,  / 
and K i o  a l l  show s i g n i f i c a n t  maximum p o s i t i v e  co r -  

r e l a t i o n s ,  and K;o shows a very s i g n i f i c a n t  maximum nega t ive  c o r r e l a -  

t i o n  a t  t h i s  l a g  of 2% months, 

0' (Fig.  4 )  are a l l  no tab ly  low and i n s i g n i f i c a n t .  

a tendency, 2% months a f t e r  a per iod of anomalously h igh  atmospheric 

h e a t  l o s s  i n  t h e  A r c t i c ,  f o r  cyclones t o  be d i sp laced  anomalously pole-  

ward, accompanied by a corresponding s t r o n g  zonal  c i r c u l a t i o n  immedi- 

a t e l y  south of t h e  cyclones.  

The corresponding c o r r e l a t i o n s  with 

This could i n d i c a t e  

We had r e a l l y  expected t o  see t h e  most s i g n i f i c a n t  c o r r e l a t i o n s  

when t h e  c i r c u l a t i o n  was lagged about one month behind the  h e a t  l o s s ,  

f o r  t h e  s u p e r f i c i a l  reason t h a t  t h e  c o r r e l a t i o n  between annual c y c l e s  

w a s  h i g h e s t  w i th  t h i s  l a g  (see p. 4 ) .  

a& and 0' 

I n  t h i s  a n a l y s i s  u s ing  d e v i a t i o n s ,  

show s i g n i f i c a n t  maxima of p o s i t i v e  c o r r e l a t i o n  a t  a l ag  of 70 
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s l i g h t l y  more than  one month, and the  wave-number d e v i a t i o n  K'  

K&, show s i g n i f i c a n t  negat ive c o r r e l a t i o n s .  

tendency toward s t r o n g  mer id iona l i t y  about a month a f t e r  anomalously 

h igh  h e a t  l o s s  from t h e  p o l a r  atmosphere, o r  conve r se ly ,  a tendency 

toward a weak, confused,  s u b a r c t i c  c i r c u l a t i o n  fo l lowing  low h e a t  l o s s .  

One o f  t h e  s t r i k i n g  impl i ca t ions  of t h i s  a n a l y s i s  l i e s  i n  t h e  

and 
50 

This  could i n d i c a t e  a 

f a i r l y  s t r o n g  and ve ry  s i g n i f i c a n t  c o r r e l a t i o n s  (with h e a t  l o s s )  of 

t h e  s t anda rd  d e v i a t i o n  and wave number anomalies a t  l a g s  of -1 t o  -2 

months. The i n d i c a t i o n  i s  t h a t  t he  m e r i d i o n a l i t y  of t h e  c i r c u l a t i o n  

a f f e c t s  t h e  Arctic h e a t  balance 1 t o  2 months l a t e r  i n  some p r e d i c t a b l e  

way. 

GENERAL D I S C U S S I O N  

The atmosphere works t o  maintain a g l o b a l  thermodynamic balance.  

The p r i n c i p a l  "thermal f o r c i n g  func t ion"  on atmospheric c i r c u l a t i o n  

i s  t h e  thermal g r a d i e n t  from equator t o  p o l e ,  which e x h i b i t s  not  only 

a n  annual cyc le  but  s i g n i f i c a n t  f l u c t u a t i o n s  about t h a t  cyc le .  Pre-  

sumably, t h e  atmosphere responds i n  some d e t e r m i n i s t i c  way t o  a l l  v a r -  

i a t i o n s  i n  t h e  meridional  thermal g r a d i e n t ;  i t s  response w i l l ,  i n  t u r n ,  

a f f e c t  t h e  thermal g r a d i e n t ;  and so on. Th i s  f a m i l i a r  concept has  never 

been d i r e c t l y  a p p l i e d  t o  p r a c t i c a l  p r e d i c t i o n  problems, mainly because 

t h e  necessa ry  r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s  have been t o o  complex and 

u n c e r t a i n  t o  perform wi th  surface-based obse rva t ions .  

surements by satel l i te  open the door t o  t h i s  a p p l i c a t i o n .  

Rad ia t ion  m e a -  

What we have done i s  t r y  t o  a n t i c i p a t e  t h e  advent o f  r e g u l a r  sa t -  

e l l i t e  measurements by s imulat ing one kind of r a d i a t i o n  parameter t h a t  

s a t e l l i t e s  could make a v a i l a b l e  on a p r a c t i c a l  b a s i s ,  and us ing  t h i s  

i n f e r i o r  s i m u l a t i o n ,  t o  explore  a p o s s i b l e  r e l a t i o n s h i p  between r a d i a t i o n  

and c i r c u l a t i o n .  

. 

The r e s u l t s  do not  l ead  immediately t o  a new and c l e a r  long-range 

weather p r e d i c t i o n  technique-- they could not  be expected t o ,  f o r  many 

r easons .  But,  t he  c o r r e l a t i o n s  found he re  do s u s t a i n  ou r  optimism t h a t  

p r e d i c t a b l e  time-delayed i n t e r a c t i o n s  w i l l  be found between major rad-  

i a t i o n  and c i r c u l a t i o n  parameters ,  once good d a t a  are a v a i l a b l e  and 

b e t t e r  p h y s i c a l  models are app l i ed .  



.. .. 

-18- 

PART 111: PUBLISHED REPORTS AND ACTIVE PERSONNXL 

TECHNICAL REPORTS 

, 1. RM-4462-NASAY Some Comments on the Meteorological Usefulness 

of a Manned Satellite, S. M. Greenfield, M. H. Davis, D. Deirmendjian, 
Y. H. Katz, C. B. Leovy, and R. R. Rapp, February 1965. 

d ' 2 .  RM-4551-NASAY Note on Thermal Properties of Mars, C. B. Leovy, 
April 1965. 

i' 3. RTY-4617-NASA, Numerical Estimation of Derivatives with an Ap- 

plication to Radiative Transfer in Spherical Shells, H. H. Kagiwada, 
R. E. Kalaba, and R. E. Bellman, June 1965. 

~'4. RM-4637-NASA, Estimation of Internal Source Distributions Using 
External Field Measurements in Radiative Transfer, R. E. Bellman, H. H. 
Kagiwada, and R. E. Kalaba, June 1965. 

,l' 5. RM-4651-NASAY The Invariant Imbedding Equation for the Dissi- 
pation Function of a Homogeneous Finite Slab, R. E. Bellman, H. H. Kagi- 
wada, R. E. Kalaba, and S. Ueno, July 1965. 
/ 6. RM-4730-NASA, Invariant Imbedding and Perturbation Techniques 

Applied to Diffuse Reflection from Spherical Shells, R .  E. Bellman, 
H. H. Kagiwada, R. E. Kalaba, August 1965. 

,/ 7. RM-4775-NASA, Computational Results for Diffuse Transmission 

and Reflection for Homoeeneous Finite Slabs with IsotroDic Scattering. " " I  

R. E. Kalaba, R. E .  Bellman, H. H. Kagiwada, and S. Ueno, October 1965. 

/8. RM-4949-NASAY The Effective Directivity of an Isotropic Antenna 
Looking Down Through the Ionosphere, R. L. Kirkwood, June 1966. 

/ 9. RM-5017-NASAY Radiative-Convective Equilibrium Calculations 
for a Two-Layer Mars Atmosphere, C. B. Leovy, May 1966. 

J 10. RM-5018-NASAY Probabilistic Dynamics of a Global Horizontal 

Sounding System, R. R. Rapp, May 1966. 

11. RM-5110-NASAY A Numerical General Circulation Experiment for 
the Atmosphere of Mars, C. B. Leovy and Y. Mintz, December 1966. 
1' 12. RM-5234-NASAY An Apparent Statistical Relationship Between 

Polar Heat Budget and Zonal Circulation, R. R. Rapp, J. 0. Fletcher, 
and R. E. Huschke, January 1967. 
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’13. P-3262, Some Aspects of t h e  C i r c u l a t i o n  of Mars, C. B. Leovy, 

November 1965, f o r  t h e  Proceedings of t h e  Conference on Exp lo ra t ion  of 

the P l a n e t s ,  V i r g i n i a  Polytechnic  I n s t i t u t e  (Blacksburg, V i r g i n i a ,  

August 1965). 

> 14. RM-5242-NASA, The Re la t ion  Between the  Diameter of a Light-  

n ing  Streamer and i t s  Radiated Radio Frequency Spectrum, R.  L. Kirkwood, 

January 1967. 

ADMIMSTRATIVE REPORTS 

The fol lowing a d m i n i s t r a t i v e  r e p o r t s  were forwarded t o  NASA Head- 

q u a r t e r s :  

L 1. AR-188-NASA, S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

May 1965. 

J 2 .  AR-201-NASAy S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

/ 3. 

August 1965. 

AR-219-NASA, S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

November 1965. 

/ 4 .  AR-236-NASAy S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s  

February 1966. 

/‘ 5 .  

May 1966. 

AR-255-NASAy S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

J 6. AR-273-NASA, S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

August 1966. 

/ 7 .  AR-289-NASA, S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

November 1966. 

1 8 .  AR-304-NASAY S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

February 1967. 

t’ 9 .  AR-315-NASA, S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

May 1967. 

v /  10. AR-333-NASAY S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

August 1967. 

f’ll. AR-348-NASA, S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s ,  

November 1967. 

12. AR-367-NASA, S t a t u s  Report on S a t e l l i t e  Meteorology S t u d i e s  , 
February 1968. 
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SCIENTIFIC PERSONNEL ACTIVE DURING THE CONTRACT PERIOD 

R. E. Bellman, K.J.K. Buettner (Consultant), M. A. Carter, M. H. 
Davis, D. Deirmendjian, J. 0. Fletcher, S. M. Greenfield, R .  E. Huschke, 

H. H. Kagiwada, R. E. Kalaba, Y. H. Katz, R. L. Kirkwood, C. B. Leovy, 
A. H. Marcus (Consultant), Y. Mintz (Consultant), A. B. Nelson, S. M. 
Olenicoff, R. R. Rapp , E. E. Rodriguez , Z. Sekera (Consultant). 
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